In science fiction, the ability to create a physical object expediently and rapidly is a commonly occurring theme. The advent of 3-dimensional (3D) printing technology has brought science fiction closer to reality by facilitating the creation of customized objects seemingly out of thin air. Indeed, we are getting closer to the matter compiler in Neal Stephenson's "The Diamond Age" or the replicator in "Star Trek."^[@R1]^

Despite many technological advancements over the course of human history, well over a billion people worldwide are living without food, water, shelter, or proper healthcare. Due to its enormity and complexity, this problem has remained unresolved. The lack of standard regulation in developing countries renders conventional means of addressing these issues very difficult.^[@R2]^ 3D printing (or "additive manufacturing" as it is referred to by some authors^[@R3]--[@R5]^) may provide a venue for addressing many of these concerns in an inexpensive and easily accessible fashion. This review outlines the current uses of 3D printing in developing countries.

WHAT IS 3D PRINTING?
====================

3D printing technology has been in existence for the last 3 decades. Only recently has it become readily available and inexpensive enough to be used by the general public.^[@R1],[@R6]^ It is a means of generating physical models from digital designs.^[@R1],[@R7]^ The software tools needed for producing printable items, as well as the materials used, and repositories for sharing and downloading designs have become easily obtainable.^[@R1],[@R6]^ Michigan Technological University has already started the process of compiling an open library of 3D-printed components for optical devices. The most commonly used materials by 3D printers currently are polylactic acid and acrylonitrile butadiene styrene. In general, 3D printers function by constructing items from numerous thin layers of material. Depending on the type of printer used (Selective Laser Sintering \[SLS\], Fused Deposition Modeling \[FDM\], or Stereolithography), the choice of material and how the layers bond to one another vary.^[@R1]^

SLS is a method of 3D printing that uses powder-based materials. A laser is employed to draw the shape of the desired object in the powder and to bind the new layers of powder that are laid down. Shot peening is then done to strengthen the outermost layer. This mode of printing can be used to produce metal, wax, nylon, ceramic, or composite parts. SLS machines with postcuring processes result in very accurate models with smooth surfaces but are costly.^[@R1],[@R8]^

FDM operates in a similar fashion to an inkjet printer. It uses printer heads to deposit melted lines of plastic onto a platform in layers in a process called "layered manufacturing," which is a rapid prototyping technique. The final model is created as the plastic cools and hardens. FDM is the economic choice, as it is inexpensive. Furthermore, depending on the complexity of the printer, it can use many types of plastic.^[@R1],[@R8]^ Figures [1](#F1){ref-type="fig"}--[4](#F4){ref-type="fig"} show various medical supplies printed using FDM.

![Forceps printed by FDM. Material used: acrylonitrile butadiene styrene. Cost: 5 cents per gram.](gox-3-e443-g001){#F1}

![Scalpel handle printed by FDM. Material used: acrylonitrile butadiene styrene. Cost: 5 cents per gram.](gox-3-e443-g002){#F2}

![Splints printed by FDM. Material used: acrylonitrile butadiene styrene. Cost: 5 cents per gram.](gox-3-e443-g003){#F3}

![Tongue depressor printed by FDM. Material used: acrylonitrile butadiene styrene. Cost: 5 cents per gram.](gox-3-e443-g004){#F4}

In stereolithography, the model is created using a photoreactive polymer as the base material. A light source is used to solidify a layer of polymer liquid. Once this has been done, the machine continues to add layers of the thin liquid polymer. Finally, when the entire model is solidified, the structure is lifted out and any excess liquid flows away. An optional stroboscopic postcuring process follows which uses ultraviolet light to ensure that the photoreaction has gone to completion, which will in turn enhance the mechanical properties of the model. Each of these 3 printing processes has its own advantages and disadvantages that may be taken into consideration when deciding on which mode of 3D printing to use (Table [1](#T1){ref-type="table"}).^[@R8]^

###### 

Comparison of Different 3D Printing Processes

![](gox-3-e443-g005)

CURRENT APPLICATIONS OF 3D PRINTING IN MEDICINE
===============================================

The potential applications of 3D printing in medicine are widespread.^[@R7]^ Rapid prototyping has been used in numerous medical applications over the last decades. These include research, education and training, and individual patient care.^[@R7]^ Its many potential advantages in plastic surgery have also been described previously.^[@R6],[@R9]--[@R11]^

Medical Research
----------------

Models produced by rapid prototyping can be used to aid in gaining a better understanding of the physiological processes and complex pathologies associated with various conditions than can be achieved with traditional visualization tools.^[@R12]--[@R14]^ Furthermore, they can be used to simulate in vivo conditions providing insight into the aerodynamic features of airway disease or hemodynamic facets of cardiovascular ailments. Accurate models can be constructed using silicon or polyurethane to emulate the texture and physical properties of blood vessels.^[@R12],[@R15],[@R16]^ Numerous advancements have also been made in the realm of bioprinting where inkjet techniques have been implemented to construct functional body parts and organs with a high degree of accuracy and personalization.^[@R3],[@R17]--[@R20]^ Furthermore, it has the ability to construct tissue scaffolds for cellular growth and production of vascular networks.^[@R18]^

Education and Training
----------------------

The use of 3D printing technology permits the construction of 3D models that can aid in precise discernment of human anatomy. This in turn improves the learning experience of physicians-in-training and facilitates patients' understanding of different human structures and tissues, which may sometimes be inadequate when viewed as a 2D or 3D image on a flat screen.^[@R7],[@R14],[@R21]^ With online repositories containing many anatomical designs, the printing of 3D models of bones, organs, and other biological features can be easily accessed. Furthermore, these models can be catered to specific patient characteristics allowing for the development of an accurate surgical plan and enhancing surgeon preparedness before performing a procedure.^[@R22],[@R23]^ In this way, preoperative counseling and management of postoperative outcomes for patients are also improved.

Individual Patient Care
-----------------------

### Surgical Planning

Rapid prototyping has shown marked enhancements in the diagnosis and treatment of different diseases spanning numerous medical disciplines. Owing to its ability to provide a better understanding of complex underlying conditions and appreciation of the pathological structures, 3D models may permit meticulous preoperative planning. Having the knowledge of a patient's individual anatomy before performing a procedure may enable surgeons to simulate the necessary surgical steps in advance and potentially reduce the incidence of complications and improve outcomes.^[@R7],[@R14],[@R22],[@R24]--[@R28]^ This may also result in cost-saving through decreased operative time.^[@R6],[@R29]^

### Customized Devices

What has excited most about this technology is the prospect of developing customized devices. This includes the ability to produce implants (eg, breast and facial), designed in the office setting and generated to complement patients' individual anatomical needs.^[@R7]^ Similarly, it can be used to create precontoured plates and help to plan for potential bone graft harvest geometry before facial fracture fixation, which has been successfully implemented previously.^[@R9],[@R30]^ In addition to being used for bony reconstruction, 3D printing can also help in soft-tissue reconstruction as demonstrated in patients with anotia requiring auricular reconstruction.^[@R3],[@R31]^ Perhaps further into the future, it will be used to make individualized extremity prostheses.^[@R7]^

THE STATE OF SURGERY IN DEVELOPING COUNTRIES
============================================

Before attempting to describe the potential applications of 3D printing in the developing world, it is vital that the challenges at hand be properly understood. There is no universally agreed-upon criterion for what constitutes a developing country. However, general reference points such as Gross Domestic Product per capita are often used.^[@R32]^ The International Statistical Institute employs the World Bank classification which defines a developing country by its Gross National Income per capita per year. Countries with a Gross National Income of \$11,905 or less are deemed developing.^[@R33]^

The volume of surgery performed worldwide is large, and this volume ranges between 187.2 million and 281.2 million cases annually, exceeding the yearly volume of childbirth.^[@R34]^ 73.6% of these surgical procedures are performed in developed countries (which account for 30.2% of the world's population), whereas only 3--5% of all operations undertaken are done in the poorest 34.8%. Although fewer than a third of the world's people with an annual per-person health expenditure of \$400 or more undergo three quarters of surgical procedures, those residing in nations with a per-head expenditure of \$100 or less may be subject to a lack of timely and appropriate delivery of basic surgical services for various reasons. There is a large disparity in access to healthcare between poor and rich countries.^[@R34]^ Although surgery has been viewed for a long time as a high-cost treatment, it is now recognized as a public-health intervention aimed at preventing disability and death.^[@R35]^ Furthermore, there is a growing body of evidence that supports the notion of surgical services being comparable from a cost-effective perspective to primary care interventions.^[@R35]--[@R38]^ The obstacles preventing delivery of healthcare in developing countries include inadequate physical resources and poor infrastructure. In addition, a majority of patients reside in the rural setting and therefore lack access to adequate surgical services found only at tertiary medical centers in urban areas. Another major concern is the lack of trained physicians and other healthcare workers who choose to emigrate from their home countries in search of a better life. This in turn creates a void at the primary health facilities, where care is administered by nonspecialists or even nonmedical personnel, many of whom do not have proper training.^[@R39]^

In an attempt to address the current healthcare situation in the world's poorest countries, the World Health Organization established the Clinical Procedures Unit in its Department of Essential Health Technologies, which initiated the Emergency and Essential Surgical Care Project (EESC).^[@R39]--[@R41]^ The goal of the EESC is the delivery of essential surgical and anesthetic services to everyone in low-income and middle-income countries.^[@R39]^ It outlines the World Health Organization's minimum standards and technologies for essential surgical care. To date, EESC workshops have been held in 24 countries. These workshops are organized in collaboration with the Ministries of Health and both local and international partners.^[@R40]^ This training program calls to attention simple and cost-effective means for managing surgically treatable disorders at primary healthcare facilities. Furthermore, it promotes a basic level of infrastructure and technology to ensure safe performance of procedures and encourages not only raising the number of trained healthcare providers but also enhancing their skills. The development of strategies to promote delivery of essential surgical services in middle- and low-income countries based on ethical, practical, scientifically sound, and socially acceptable methods and technology may help to reduce the burden of disability and death in these regions.^[@R39]^

USES OF 3D PRINTING IN DEVELOPING COUNTRIES
===========================================

Over the course of the year, numerous reports have emerged on how 3D printing technology will change the manufacturing industry. However, the question remains as to the capability of this technology to become economically and environmentally sustainable and if it holds much promise. The potential uses of 3D printing in developing countries are starting to surface. (**See Video, Supplemental Digital Content 1**, which demonstrates a three dimensional printed template for titanium plate adaptation being created in Egypt. The process took more than 4 hours and the video has been sped up to display the entire process. This video is available in the "Related Videos" section of the Full-Text article on PRSGlobalOpen.com or available at <http://links.lww.com/PRSGO/A112>.)

![Supplemental Digital Content 1, which demonstrates a three dimensional printed template for titanium plate adaptation being created in Egypt. The process took more than 4 hours and the video has been sped up to display the entire process. This video is available in the "Related Videos" section of the Full-Text article on PRSGlobalOpen.com or available a. ***<http://links.lww.com/PRSGO/A112>***.](gox-3-e443-g006){#F5}

Nonmedical Uses
---------------

### Construction of Homes

There are over 1 billion people living in slums, sleeping and eating under unsanitary conditions, and with little protection from extremes of weather.^[@R2]^ In underdeveloped countries, traditional construction methods are expensive; they take time and are inefficient as a result of poor regulation. Recently, 3D printing has been touted as means to build entire homes in a process termed "contour crafting." The Department of Engineering at the University of Southern California is at the forefront of testing this technology. They support the notion that everything including floors, walls, plumbing, and electricity can be completed in as quickly as 20 hours. The potential to develop strong and safe housing through "contour crafting" may vastly improve the quality of life for so numerous people.^[@R2]^

### Food

At least 1 million malnourished children die each year. An additional 34 million children suffer from severe acute malnutrition.^[@R42]^ A major step toward attempting ending world hunger is the ability to manufacture cheap, nutritious food. In 2013, the National Aeronautics and Space Administration awarded an engineering firm based in Texas a 6-month grant worth \$125,000 to create the world's first 3D food printer.^[@R43]^ It was announced at the 2014 Consumer Electronics Symposium in Las Vegas that 2 food-creating 3D printers will be released later in the year. Both models have the ability to print using chocolate or sugar infused with vanilla, mint, sour apple, cherry, and watermelon flavors. This technology has the potential to be life-saving for the many malnourished children in the developing world.^[@R44]^

### Water and Sanitation

Over 3.4 million people each year die from water- and sanitation-related issues; 99% of these deaths occur in the developing world. To put things into perspective, an American taking a 5-minute shower uses more water than the average person living in a slum, in a developing country, would use in an entire day. Lack of clean water and proper sanitation kills children at a rate equal to a jumbo jet crashing every 4 hours.^[@R45]^ Engineers from the University of Washington are partnering with the charity "Water for Humans" to use 3D printing techniques for constructing toilets and rainwater collectors. Furthermore, they plan to teach local entrepreneurs in developing countries how to use, build, and maintain these 3D printers. Once this technology is established for toilets and water collectors, they hope to introduce additional products. The first trial will take place in Oaxaca, Mexico.^[@R46]^

### Boats

In an attempt to conserve rare species of trees such as teak, which is used to build small boats in West Africa, there are efforts underway to manufacture 3D-printed vessels from waste plastic alternatively.^[@R46]^

### Disaster Relief

It has been proposed that 3D printers shipped to a disaster zone can be used to produce medical supplies to help the injured. Indeed, more advanced 3D printers can be configured to operate on solar power and used in areas where power lines have been cut.^[@R47]^

### Shoes

An idea out of Kenya's University of Nairobi has advocated for the production of 3D-printed shoes to help solve Kenya's jigger problem. Jiggers are tiny parasites resembling fleas that are embedded in the hands and feet of animals and humans alike. They can elicit severe inflammatory reactions causing autoamputation and may even promote secondary infection such as tetanus. Shoes would be produced from reused plastic and also be recyclable once they are worn out.^[@R48]^

Medical Uses
------------

For many of the nonprofit medical clinics and academic centers in the developing world surviving on governmental support and/or private donations, the many advanced applications of 3D printing in medicine are just not feasible. Even the most basic supplies can sometimes be costly and the wait for simple items to be shipped from a distant city or even from overseas can take too much time. Despite this, numerous different uses of this technology have recently surfaced.

### Basic Medical Supplies

The development of a 3D-printed finger splint was recently recognized by the United States Army and Air Force who awarded its inventor, Ian McHale, a senior at Steinert High School, for his idea. The goal is not only to inexpensively make (costing about 2 cents apiece) splints but also to circumvent the need for developing countries to ship large supplies of splints from overseas. For small clinics located away from major cities, 3D printing will surely be practical when supplies run low. This is especially important in farming communities where patients from the nearby fields who come in with work-related injuries could be outfitted with custom splints that are printed as needed. This splint prototype serves as a stepping stone toward rectifying the problem of sparse availability of medical supplies seen in developing nations.^[@R49]^ Already in Haiti, a 3D printing laboratory has been established that produces umbilical clamps for a local hospital.

Having a medical 3D printer following a major disaster such as hurricane or tsunami will permit the production of crutches, splints, and whatever else is needed on the ground, instead of having to ship everything. Moreover, if a condition is not life threatening, triage teams can print out casts or splints to take care of people with broken bones by simply inputting the required data into a system. Supplies would be available on a case-by-case basis without being wasteful.^[@R47]^

### Vaccination and Medication

The concept of VaxBeads, which are 3D-printed beads that represent different vaccines, was named the winner of Michigan Technological University's Printers for Peace Contest. The idea is for patients to wear these beads as a bracelet to serve as a visual medical chart. Each VaxBead string is personalized to the patient and is printed out with their initials, date of birth, and an identifying number. To take this idea a step further, it has been suggested that these "beads" also be representative of patient medications including dosages. Often, due to inaccurate record keeping or incomplete clinical files, patients in poorer countries may not be attentive to the exact name and dosage of the pills that they are taking. This finding can be especially dangerous when considering the many issues that antidiabetic or antihypertensive medications can cause.^[@R50]^

### Laboratory Equipment

3D printing has also been suggested for use in remote and underfunded medical clinics for the production of laboratory equipment.^[@R51]^ Indeed, if a 3D printer, itself, can assembled de novo from 3D-printed parts, there are many uses that we are just discovering.

### Prosthetic Limbs

In April 2012, *Time* magazine reported on a company called "Not Impossible," a research firm that specializes in undertaking difficult healthcare challenges using low-cost, open-source methods. "Not Impossible" has started to manufacture low-cost high-tech prosthetic limbs with controllable fingers using 3D printing in war-torn Sudan. Dr. Tom Catena, an American surgeon, who has long been involved in providing healthcare to patients in the developing world, has joined forces with the co-founder and CEO of "Not Impossible," Mick Ebeling, to set up a laboratory at a local hospital that utilizes consumer-grade 3D printers, which create low-cost prosthetic limbs, designed to be simple and affordable enough for anyone who needs one. A prosthetic arm produced at this laboratory takes 6 hours to make and costs \$100. Although refined versions of the original design may improve on its functionality, these limbs have already likely restored a significant measure of independence to amputees. This effort represents a huge step forward in providing high-quality healthcare for those in poorer nations suffering from debilitating ailments.^[@R52]--[@R54]^ Moreover, 3D printing is not just limited to helping individuals living in war zones but may also prove useful in those suffering from gangrene or severe diabetes necessitating amputation.^[@R51]^

COST CONSIDERATIONS FOR 3D PRINTING
===================================

With advancing technology and falling prices in recent years, domestic 3D printers are now available in the United States for less than \$1000. Although plastic has primarily been used for printed objects or "printouts," attempts are being made to make metal and edible materials more affordable. The Filabot, developed by Tyler McNaney, looks to solve 2 of the biggest issues with 3D printing: to eliminate the cost of currently used plastic filaments (\$40 per 1-kg spool) and to rid any waste produced. The device accomplishes this goal by melting existing plastic waste into the filament, thereby recycling and producing more filaments.^[@R53]^ In addition, 3D printing could markedly reduce carbon emission from factories by reducing shipping costs. Additive manufacturing by nature also produces much less waste.^[@R53]^ This technology is already proving helpful in numerous developing countries, and as commercially available 3D printers fall below the \$500 mark, 3D printers will become more common.^[@R47]^ By 2019, the worldwide market for 3D printing is expected to double to more than \$6 billion.^[@R53]^

CONCLUSIONS
===========

3D printing offers the possibility of manufacturing precisely designed objects inexpensively and readily. These may potentially include the production of basic medical supplies, vaccination beads, laboratory equipment, and prosthetic limbs. It has the ability to promote initiatives across the entire developing world, increasing living standards and providing a higher quality of healthcare to its residents. There are still numerous untapped applications for 3D printing in medicine that have yet to surface, but if harnessed correctly may positively affect millions of lives.
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